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Abstract  
A novel approach was successfully developed for the catalyst Bi-deposited Fe3O4 magnetic nanoparti-
cles, which was used in the degradation of 4-nitrophenol (4-NP). The Bi/Fe3O4 composite was prepared 
via a one-pot process from ferrous sulfate and bismuth chloride using hydrazine hydrate as a reducing 
agent. The catalyst was characterized by X-ray diffraction (XRD) and Fourier transform infrared 
(FTIR) spectroscopy. In the composite pure Fe3O4 particles were synthesized and bismuth particles 
were well dispersed. The catalytic performances were investigated for the reduction of 4-NP with so-
dium borohydride. The catalyst has higher activity when Bi/Fe molar ratio is 1:4 in the composite and 
the rate constant k is about 0.611 min-1. The catalyst has good reusability which can be used 10 cycles 
without obvious deactivation. Furthermore, the catalyst can be easily separated by an external mag-
netic field. Copyright © 2017 BCREC GROUP. All rights reserved 
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1. Introduction  
4-Nitrophenol (4-NP) threatens seriously 
human health and natural environment due to 
its structural stability, difficult degradation 
and water solubility, which are from the pro-
duction of pesticides, herbicides, insecticides 
and synthetic dyes cause serious pollution [1,2]. 
The product 4-aminophenol (4-AP) from reduc-
tion of 4-NP is an important intermediate in 
the preparation of several analgesic and anti-
pyretic drugs such as acetaminophen, acetani-
lide, phenacetin, and so forth. It is also used as 
a corrosion inhibitor in paints and anticorro-
sion-lubricating agent in fuels. In the dye in-
dustry, 4-AP is used as a wood stain and as a 
dyeing agent for fur and feathers [3]. Apart 
from this, 4-AP is less poisonous than 4-NP. 
Therefore, the reduction of 4-NP to 4-AP be-
comes academically as well as technologically 
important. Indeed, a great number of studies 
for reduction of 4-NP with sodium borohydride 
to 4-AP have been performed over the past few 
decades, using a number of noble metal 
nanoparticles, such as Pt [4], Pd [5], Au [1,6] 
and Ag [7-10], as catalysts. To reduce the cost 
of catalysts, non-precious metals, such as Ni 
[11], Co [11,12] and Cu [11,13], were also used 
as catalysts in the reduction. In these studies, 
catalytic metal nanoparticles were mostly de-
posited onto silica [10], silica-coated Fe3O4 [7], 
grapheme oxide [9] or polymers [4] before con-
ducting the reduction to prevent aggregation 
during the reaction. Due to their insoluble and 
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superparamagnetic properties, which enable 
them to separate easily with an external mag-
netic field, Fe3O4 magnetic nanoparticles have 
recently emerged as viable alternatives to con-
ventional materials for catalyst supports. Sev-
eral strategies have been made to combine 
metal nanoparticles and magnetic nanoparti-
cles coated with silica, forming nanocomposites 
that possess magnetic and catalytic dual func-
tionalities. However, the materials synthesis 
procedures are complicated. The reduction so-
lution of 4-NP with sodium borohydride is alka-
line, and Fe3O4 particles are stable. So a protec-
tion layer of Fe3O4 particles is not necessary in 
the reaction. 
Bi particles are cheap and easily fabricated 
by reduction with reducing agent such as so-
dium borohydride and hydrazine hydrate. More 
importantly, Bi is a kind of environment-
friendly element. Bismuth(III) salts are consid-
ered safe and non-toxic probably due to their 
insolubility in neutral aqueous solutions. 
Therefore, bismuth and its salts appeared as 
suitable regents for design of “eco-friendly cata-
lyst” [14]. Bismuth-containing photocatalysts 
can be used in many fields because of narrow 
ban gap and ability of adsorbing visible light 
[15], but there are few researches on bismuth-
catalyzed reduction of nitrophenols. Huang et 
al. used the in-situ formed bismuth porous 
nanospheres as a catalyst for the reduction of 
4-NP successfully, but the reaction rate is low 
[16]. Here, a facile route was developed for the 
preparation of catalytically active Bi/Fe3O4 
composites via a one-pot method. Fe3O4 parti-
cles were prepared from ferrous sulfate using 
hydrazine hydrate as a precipitating and oxi-
dizing agent [17]. Bismuth chloride solution 
was added to the above mixture, and then 
Bi/Fe3O4 composites were synthesized with hy-
drazine hydrate as a reducing agent. The 
Bi/Fe3O4 composites were characterized and 
their catalytic performance was investigated 
for the reduction of 4-NP in aqueous solution 
under mild conditions. These Bi/Fe3O4 compos-
ites are expected to be a new class of highly ef-
ficient, fully renewable and eco-friendly hetero-
geneous catalysts.  
 
2. Materials and Methods      
2.1. Materials     
Bismuth chloride, ferrous sulfate and 4-NP 
were purchased from Tianjin Fuchen Reagent 
Co. Ltd. (China). Sodium borohydride and hy-
drazine hydrate (50%) were purchased from Si-
nopharm Chemica Reagent Co. Ltd (China). All 
reagents were of analytic grade and used with-
out further purification. Ultrapure water was 
used throughout the whole experiment.     
 
2.2. Catalyst preparation       
Bi/Fe3O4 particles were synthesized by a 
facile one-step process. Typically, FeSO4•7H2O 
(1.39 g) was dissolved in 20 mL water. Then, 
the solution of NaOH (1.3 g) and hydrazine hy-
drate (5.0 g) in 20 mL water was added to the 
above solution and stirred at 70 ℃ for 4 h to 
yield Fe3O4 particles [17]. BiCl3 (0.79 g) was 
dissolved in 20 mL HCl (0.1 M), and then the 
BiCl3 solution was dropped into the above mix-
ture and stirred at 70 ℃ for 2 h to obtain 
Bi/Fe3O4 composite particles. The product was 
recovered from the reaction mixture by a per-
manent magnet, washed 6 times with water 
and dried at 60 ℃ for 6 h. For the determina-
tion of appropriate synthesis conditions, Bi/Fe 
molar ratio in the reaction mixture was varied 
from 1:15, 1:10, 1:6, 1:4 to 1:2, and the products 
were denoted as Bi/Fe3O4-15, Bi/Fe3O4-10, 
Bi/Fe3O4-6, Bi/Fe3O4-4 and Bi/Fe3O4-2 respec-
tively. The synthesis process of the Bi/Fe3O4 
particles is presented in Scheme 1.  
 
2.3. Catalyst characterization     
XRD patterns were obtained on an X-ray 
diffraction (XRD) instrument (Ultima IV, Ri-
Scheme 1. Formation process of the Bi/Fe3O4 particles.  
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gaku) equipped with a Cu Kα radiation source. 
It was operated under the following conditions: 
tube voltage 40 kV, current 40 mA, and scan-
ning range 2θ = 10-80°. The morphologies of 
the as-prepared samples were characterized 
with a JEOL JEM-2100 transmission electron 
microscope (TEM). Samples were dispersed in 
ethanol. Fourier transform infrared spectra 
(FTIR) were recorded between 4000 and 400 
cm-1 with a Bruker ALPHA spectrometer.  
 
2.4. Catalytic reduction of 4-NP  
The reduction of 4-NP catalyzed by Bi/Fe3O4 
catalyst in the presence of an excess amount of 
NaBH4 was studied in a beaker and monitored 
with a UV-Vis spectrometer to examine the 
catalytic activity at 25 ℃ (Scheme 2). The reac-
tion procedure was as follows: 10 mL of 4-NP 
(10 mM), 70 mL of water and 20 mL of freshly 
prepared NaBH4 aqueous solution (0.2 M) were 
added into a beaker with constant stirring. In 
order to avoid magnetic condensation, the stir-
ring was performed with a mechanical stirrer. 
Then, 0.01 g of Bi/Fe3O4 catalyst was added 
into the solution. Samples were directly with-
drawn from the reaction mixture at certain 
time intervals followed by measuring UV-Vis 
absorption at 400 nm. The rate constant of the 
reaction was determined by measuring the 
change in intensity of these peaks with time. 
At the end of the reaction, the catalysts were 
separated from the mixture using a perma-
nent magnet, washed with water and reused.  
 
3. Results and Discussion 
3.1. Characterization of Bi/Fe3O4    
The phase structure of the sample was ob-
tained through XRD measurement. As shown 
in Figure 1, the diffraction peaks at 2 = 
30.16o，35.60o，43.22o, and 57.14o can be in-
dexed to (220), (311), (400), and (511) planes of 
inverse spinel structure Fe3O4 (JCPDS No.19-
0629) [17]. The presence of Bi nanoparticle on 
the surface of Fe3O4 can be confirmed from the 
XRD patterns of Bi/Fe3O4-2 and Bi/Fe3O4-4. 
The peaks found at 27.18o, 37.95o, 39.62o, and 
64.46o represent the planes of (012), (104), 
Figure 2. TEM images of Fe3O4 (a) and Bi/Fe3O4-4 (b)  
a b 
Scheme 2. Reduction of 4-NP with NaBH4.  
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Figure 1. XRD patterns of Bi/Fe3O4 particles.   
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(110) and (122) for bismuth crystal (JCPDS 
No.85-1329) [16]. No metallic Bi phase was 
founded from the patterns of Bi/Fe3O4-
6、Bi/Fe3O4-10 and Bi/Fe3O4-15, indicating 
that Bi was evenly distributed in Fe3O4 parti-
cles. 
Figure 2a shows the TEM image of Fe3O4 
that exhibits mean particles sizes in the 7-18 
nm ranges and acquires mainly a nano spheri-
cal-like morphology. The particle size distribu-
tion was narrow and slightly-aggregated. As 
seen in Figure 2b, the Bi/Fe3O4-4 particles 
turned more smother and readily identified 
with an average crystallite size in the 8-20 nm 
range, since Bi deposited on Fe3O4 can remedy 
their defects. From Figure 2, there is no obvi-
ous distinction in morphology between Fe3O4 
and Bi/Fe3O4-4. The results indicate that Bi 
particles dispersed on the surface of Fe3O4 par-
ticles evenly. 
From Figure 3, the absorption peaks at 
around 620 cm-1 and 480 cm-1 correspond to the 
Fe-O bond of bulk magnetite. The results indi-
cate that Fe3O4 particles were successfully syn-
thesized. The intensity of absorption peak at 
620 cm-1 and 480 cm-1 increased with the in-
crease of Fe content in the composite.  
  
3.2. Catalytic activity  
3.2.1. The effect of Bi/Fe molar ratio on the 
activity of the catalyst        
Figure 4 shows the UV-Vis absorption spec-
tra, representing the reduction of 4-NP to 4-AP 
with NaBH4 in the presence of Bi/Fe3O4 parti-
cles. As shown in Figure 4, time-dependent UV-
Vis spectra of the reaction mixture show the 
gradual disappearance of 400 nm peak and the 
gradual development of the new peak at 300 
nm which confirms the formation of the 4-AP. 
We found that Bi/Fe molar ratio in the 
Bi/Fe3O4 composite played an important role in 
the catalytic activity. As shown in Figure 4, the 
time of complete degradation of 4-NP were 28 
min (Bi/Fe3O4-15), 24 min (Bi/Fe3O4-10), 14 
min (Bi/Fe3O4-6), 8 min (Bi/Fe3O4-4) and 10 
min (Bi/Fe3O4-2) respectively. As a comparison, 
while bare Fe3O4 was used as a catalyst for the 
reduction, the absorption peak at 400 nm was 
almost unchanged. The results indicate that 
Fe3O4 has no catalytic activity, and the activity 
of Bi/Fe3O4 composite increases gradually with 
the increase of Bi/Fe molar ratio. Since Bi is 
the active component, the activity of the cata-
lyst would increase with the increasing of Bi 
loading within a certain range. However, when 
Bi/Fe molar ratio is 1:4, the activity is highest. 
Further increasing of the load of Bi cannot af-
ford significant benefits. However, when the 
molar ratio increases over a certain value, Bi 
particles would gather severely, and the 
greater particle size of Bi particles might de-
crease the activity.  
 
3.2.2. The effect of the catalyst dosage on the 
reduction reaction   
In this experiment, the concentration of the 
NaBH4, used as reductant, largely exceeds (~40 
times) that of 4-NP. As the initial concentra-
tion of NaBH4 was very high, it remained es-
sentially constant throughout the reaction. 
Therefore, for evaluation the catalytic rate 
pseudo-first-order kinetics with respect to 4-NP 
was used. The rate constants of this catalytic 
reaction in the presence of the Bi/Fe3O4-4 parti-
cles were measured from the plot of ln(A/A0) (A 
= absorbance at 400 nm) versus time t. 
Figure 5 shows the impact of different dos-
ages of Bi/Fe3O4-4 composite on the reduction 
of 4-NP. When the amount of Bi/Fe3O4-4 was 
0.01 g, 0.015 g and 0.02 g, the rate constants 
were 0.611 min-1, 0.922 min-1 and 1.176 min-1 
respectively. The reaction proceeds faster with 
larger amount of catalyst, which was contrib-
uted to the proportional increase in the num-
ber of active catalytic sites. That is to say, with 
increasing the dosage of Bi/Fe3O4-4 composite, 
more and more active sites were available to 
accelerate the decomposition of NaBH4, thus 
promoting the rate of reaction. When the 
amounts of catalysts were same (0.01 g), the 
rate constant (0.611 min-1) in this paper was 
bigger than that (0.07 min-1) in literature [16], 
indicating that Bi/Fe3O4 has higher activity 
than porous bismuth.  Figure 3. FTIR spectra of Bi/Fe3O4 particles.         
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3.3. Reusability   
The reusability of catalyst is very important 
issues for practical applications. To demon-
strate the reusability of the catalyst, the as-
prepared Bi/Fe3O4 composite was easily recy-
cled by an external magnet after the reaction, 
washed and recycled for the reduction. Figure 6 
shows the Bi/Fe3O4-4 catalyst can be success-
fully recycled and reused for ten times with sta-
ble conversion of 97% within 8 min (0.01 g of 
Bi/Fe3O4-4 catalyst), indicating very high sta-
bility. The conversion begins to decrease after 
10 cycles, probably due to gradual loss of cata-
lyst with repeated magnetic separation.  
 
4. Conclusions 
In summary, a magnetic Bi/Fe3O4 composite 
was prepared via a facile one-pot method by us-
ing hydrazine hydrate as a reducing agent for 
the formation of Fe3O4 and Bi particles. XRD 
Figure 4. Effect of Bi content on the catalyst activity.          
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patterns indicated the catalyst was bismuth-
loaded Fe3O4 composite particles. The catalytic 
activity was demonstrated by the study on the 
reduction of 4-NP to 4-AP with NaBH4, and the 
Bi/Fe3O4 composite particles exhibited a good 
catalytic activity. When Bi/Fe molar ratio was 
1:4, the activity of Bi/Fe3O4 composite was 
highest. Moreover, the composite exhibited well 
magnetic separability and excellent reusability 
without major loss and activity.   
 
Acknowledgement 
The authors wish to acknowledge the financial 
supports from the Science and Technology Depart-
ment of Jiangsu Province (BE2015041) and Jiang-
nan University (3516010241140190/002).  
References 
[1] Wang, Z.Z., Zhai, S.R., Zhai, B., Xiao, Z.Y., 
An, Q.D. (2014). Preparation and Catalytic 
Properties of Nano-Au Catalytic Materials 
Based on the Reduction of 4-Nitrophenol. Pro-
gress in Chemistry, 26(2/3): 234-247.  
[2] Wang, T., Li, X.G., Du, Q.Y. (2008). Research 
Progress of Phenol-Containing Waste Water 
Disposal Technique. Chemical Industry and 
Engineering Progress, 27(2): 231-235, 208. 
[3] Jiang, Y.G.., Chen, R.Z., Xing, W.H. (2011). 
Research Progress of p-Nitrophenol Catalytic 
Hydrogenation. Chemical Industry and Engi-
neering Progress, 30(2): 309-313. 
[4] Pandey, S., Mishra, S.B. (2014). Catalytic Re-
duction of p-Nitrophenol by Using Platinum 
Nanoparticles Stabilized by Guar Gum. Car-
bohydrate Polymers, 113: 525-531. 
[5] Noh, J.H., Meijboom, R. (2014). Catalytic 
Evaluation of Dendrimer-Templated Pd 
Nanoparticles in the Reduction of 4-
Nitrophenol Using Langmuir-Hinshelwood 
Kinetics. Applied Surface Science, 320: 400-
413. 
[6] Mondal, P., Salam, N., Mondal, A., Ghosh, K., 
Tuhina, K., Islam, S.M. (2015). A Highly Ac-
tive Recyclable Gold-Graphene Nanocompo-
site Material for Oxidative Esterfication and 
Suzuki Cross-Coupling Reactions in Green 
Pathway. Journal of Colloid and Interface 
Science, 459: 97-106. 
[7] Du, X.Y., He, J., Zhu, J., Sun, L.J., An, S.S. 
(2012). Ag-Deposited Silica-Coated Fe3O4 
Magnetic Nanoparticles Catalyzed Reduction 
of p-Nitrophenol. Applied Surface Science, 
258: 2717-2723. 
[8] Chiou, J.R., Lai, B.H., Hsu, K.C., Chen, D.H. 
(2013). One-Pot Green Synthesis of Sil-
ver/Iron Oxide Composite for 4-Nitrophenol 
Reduction. Journal of Hazardous Materials, 
248-249: 394-400. 
[9] Li, Y.Z., Cao, Y.L., Xie, J., Jia, D.Z., Qin, 
H.Y., Liang, Z.T. (2015). Facile Solid-State 
Synthesis of Ag/Grapheme Oxide Nanocom-
posites as Highly Active and Stable Catalyst 
for the Reduction of 4-Nitrophenol. Catalysis 
Communications, 58: 21-25. 
[10] Pootawang, P., Lee, S.Y. (2012). Rapid Syn-
thesis of Ag Nanoparticles-Embedded 
Mesoporous Silica Plasma and Its Catalysis 
for 4-Nitrophenol Reduction. Materials Let-
ters, 80: 1-4. 
[11] Mandlimath, T.R., Gopal, B. (2011). Catalytic 
Activity of First Row Transition Metal Oxides 
in the Conversion of p-Nitrophenol to p-
Aminophenol. Journal of Molecular Catalysis 
A: Chemical, 350: 9-15. Figure 6. Reusability of Bi/Fe3O4-4 for the re-
duction of 4-NP.           
 
1 2 3 4 5 6 7 8 9 10 11 12
0
20
40
60
80
100
 
 
C
o
n
v
e
rs
io
n
/%
Cycle
Figure 5. Effect of catalyst dosage on the re-
duction of 4-NP.            
 
0 1 2 3 4 5 6 7 8 9
-6
-5
-4
-3
-2
-1
0
 0.010 g
 0.015 g
 0.020 g
 
 
ln
(A
/A
0
)
Time/min
 Bulletin of Chemical Reaction Engineering & Catalysis, 12 (1), 2017, 95 
Copyright © 2017, BCREC, ISSN 1978-2993 
[12] Ma, H.Y., Wang, H.T., Wu, T., Na, C.Z. 
(2016). Highly Active Layered Double Hy-
droxide-Derived Cobalt Nano-Catalyst for p-
Nitrophenol Reduction. Applied Catalysis B: 
Environmental, 180: 471-479. 
[13] Nasrollahzadeh, M., Sajadi, S.M., Rostami-
Vartooni, A., Bagherzadeh, M., Safari, R. 
(2015). Immobilization of Copper Nanoparti-
cles on Perlite: Green Synthesis, Characteri-
zation and Catalytic Activity on Aqueous Re-
duction of 4-Nitrophenol. Journal of Molecu-
lar Catalysis A: Chemical, 400: 22-30. 
[14] Salvador, J.A.R., Pinto, R.M.A., Silverstre, 
S.M. (2009). Recent Advances of Bismuth (III) 
Salts in Organic Chemistry: Application to 
the Synthesis of Heterocycles of Pharmaceuti-
cal Interest. Current Organic Synthesis, 6: 
426-470. 
[15] Wang, W.H., Ye, H.Q., Qin, T., Liu, X.Y., Hui, 
H., Zhao, W.K., Zhu, K.J. (2014). Recent Pro-
gress of Bismuth-Containing Photocatalysts. 
Chemical Industry and Engineering Progress, 
33(6): 1475-1485. 
[16] Huang, C.J., Hu, J.L., Fan, W.J., Wu, X., Qiu, 
X.Q. (2015). Porous Cubic Bismuth Oxide 
Nanospheres: A Facile Synthesis and Their 
Conversion to Bismuth During the Reduction 
of Nitrobenzenes. Chemical Engineering Sci-
ence, 131: 155-161. 
[17] Hu, A.P., Chen, X.H., Tang, Y.H., Yang, L., 
Xiao, H.H., Fan, B.B. (2013). A Facile Method 
to Synthesize Fe3O4/Grapheme Composites 
in Normal Pressure with high rate capacity 
and cycling stability. Materials Letters, 91: 
315-318.  
